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ABSTRACT
The study of absorptions along the lines of sight to bright high-z QSOs is an invaluable cosmolog-
ical tool that provides a wealth of information on the inter-/circum-galactic medium, Dark Matter,
primordial elements, reionization, fundamental constants, and General Relativity. Unfortunately, the
number of bright (i . 18) QSOs at z ∼> 2 in the Southern hemisphere is much lower than in the North,
due to the lack of wide multi-wavelength surveys at declination δ < 0◦, hampering the effectiveness of
observations from southern observatories. In this work we present a new method based on Canonical
Correlation Analysis to identify such objects, taking advantage of a number of available databases:
Skymapper, Gaia DR2, WISE, 2MASS. Our QSO candidate sample lists 1476 sources with i < 18 over
12,400 square degrees in the southern hemisphere. With a preliminary campaign we observed spectro-
scopically 70 of them, confirming 56 new bright QSOs at z > 2.5, corresponding to a success rate of our
method of ∼ 80%. Furthermore, we estimate a completeness of ∼ 90% of our sample at completion of
our observation campaign. The new QSOs confirmed by this first and the forthcoming campaigns will
be the targets of subsequent studies using higher resolution spectrographs, like ESPRESSO, UVES,
and (in the long term) ELT/HIRES.
Keywords: quasars: absorption lines — catalogs — surveys
Corresponding author: Giorgio Calderone
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1. INTRODUCTION
The study of absorption lines in the spectra of high
redshift Quasi-Stellar Objects (QSO) is a fundamen-
tal tool for Cosmology (Meiksin 2009; McQuinn 2016).
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Along the lines of sight to these powerful light bea-
cons, every parcel of the intervening gas selectively ab-
sorbs wavelengths of light, providing information about
the spatial distributions, motions, temperature, chemi-
cal enrichment, and ionization histories of gaseous struc-
tures from redshift seven and beyond until the present.
In particular, thanks to QSO absorption lines, it is
possible to address issues like: What were the physical
conditions of the primordial Universe? What fraction of
the matter was in a diffuse medium and what fraction
and how early condensed in clouds? Where are most of
the baryons at the various redshifts? When and how did
the formation of galaxies and large scale structure start?
How early and in what amount have metals been pro-
duced? When and how (after the Dark Ages following
recombination) did the Universe get re–ionized? What
was the typical radiation field, how homogeneous, and
what was producing it? Which constraints on cosmo-
logical parameters and types of dark matter (e.g. neu-
trinos) are derived from the large scale structure traced
by the inter-galactic medium (IGM)? Does the standard
Big Bang nucleosynthesis model makes the correct pre-
dictions about the primordial element abundances and
the temperature evolution of the CMB? Do fundamental
constants of Physics (e.g. the fine structure constant, α,
or the proton-to-electron mass ratio, µ) vary with cos-
mic time? Does General Relativity correctly describe
the expansion of our Universe? In order to efficiently
pursue these and other similar lines of investigation, it
is essential to have the brightest possible light beacons
in the background.
Historically, observations in the Southern hemisphere
have been hampered by the lack of luminous targets
with respect to the North, due to a lesser investment
of telescope time to search for bright QSOs in the
South. As an example, the Quasar Deep Spectrum
observations carried out with the UVES spectrograph
(D’Odorico et al. 2016) have targeted the QSO HE0940-
1050 (zem = 3.09, V=16.9) and required 64.4 hours to
reach a Signal-to-Noise-Ratio (SNR), per resolution el-
ement (R = 45, 000), of 120-500 and 320-500 in the
Ovi/Ly-α region and in the C iv region, respectively.
HE0940-1050 is still the best target at this redshift in the
South, but it is not comparable to the (lensed) beacons
B1422+231 (zem = 3.62, V=15.8) or APM 08279+5255
(zem = 3.91, V=15.2), which have been available for
observers in the Northern Hemisphere.
It is particularly urgent now to fill this gap in view
of the upcoming new instrumentation in the Southern
hemisphere, like ESPRESSO at VLT and the planning
of new experiments (e.g. the Sandage test with the high-
resolution spectrograph HIRES at the E-ELT (Cristiani
et al. 2007; Liske et al. 2008), or the test of the stabil-
ity of the fine-structure constant and other fundamental
couplings (Leite & Martins 2016). Moreover, finding
bright radio-loud QSOs at high-z is particularly impor-
tant to study the 21cm forest in absorption with future
breakthrough facilities, like the Square Kilometer Array
(SKA) in the Southern hemisphere, as proposed by Car-
illi, Gnedin and Owen (2002). In addition, UV/optically
bright QSOs at z > 3 with lines of sight free from Ly-
man Limit Systems (LLS) up to the He ii forest are par-
ticularly rare but extremely valuable to study the He ii
Reionization (Syphers & Shull 2014; Worseck et al. 2016,
2019).
By Comparing QSO surface densities, it is statistically
evident that relatively high-z objects of bright apparent
magnitudes must be also present in the Southern hemi-
sphere: of the 22 known QSOs with z > 2.8 and V < 17,
only 5 are at δ < 0◦, and all the 3 with V < 16 are in
the North. Such unbalance exists because historically
many surveys (e.g. the SDSS) have focused their efforts
mainly in the Northern hemisphere. The present time
however is ripe for a dramatic change of scenario thanks
to new surveys available through the whole sky, or in-
sisting mainly in the Southern hemisphere, such as Gaia
DR2, Skymapper, 2MASS, and WISE (Gaia collabora-
tion 2016, 2018; Wolf et al. 2018; Skrutskie et al. 2006;
Wright et al. 2010).
In this paper we describe the first results of a program
aiming at filling this gap in the Southern hemisphere,
finding the brightest QSOs at z > 2.5 that will be ob-
served at high resolution with the present and future
breakthrough facilities.
2. THE NEED AND DESIGN OF A NEW SURVEY
The typical range of apparent magnitudes of interest,
having in mind a follow-up with high resolution spec-
troscopy, is i ∼< 17 at z ∼ 2.5 and i ∼< 18 at z ∼ 4.
In order to estimate the expected surface densities of
QSOs, we have adopted the parameterization of the lu-
minosity function by Kulkarni et al. (2019). We extract
random values of redshift and M1450 absolute magni-
tude following the best-fit luminosity functions in differ-
ent redshift bins from Table 2 of Kulkarni et al. (2019).
Then we associate each simulated QSO to different tem-
plates from the Polletta empirical library of AGNs (Pol-
letta et al. 2008) and convert the absolute magnitude
into observed magnitudes in the adopted photometric
system (i.e. Skymapper u,v,g,r,i,z; Gaia BP ,G,RP ;
2MASS J,H,K; WISE W1,W2,W3,W4; see next sections
for a detailed description). We assume here a null Galac-
tic dust extinction, since, as we discuss in the following,
we select targets at high galactic latitudes.
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Table 1. Cumulative surface density of QSOs at different redshifts and i-band magnitude limits expected from the luminosity
function of Kulkarni et al. (2019). The minimum and maximum range of surface density in a given redshift interval for QSOs
brighter than a given i-band magnitude limit is provided. The expected bright QSO number counts are based on the best
fit of individual luminosity functions by Kulkarni et al. (2019) (their Table 2), as well as on the global fit with a continuous
evolution in the range 0 < z < 7 also by Kulkarni et al. (2019) (models 1, 2, and 3). All the surface densities are expressed
in unit of 10−4deg−2.
i ≤ ΣQSO(2.5 < z < 3.0) ΣQSO(3.0 < z < 3.5) ΣQSO(3.5 < z < 4.0) ΣQSO(4.0 < z < 4.5) ΣQSO(4.5 < z < 5.0)
15.5 0.10-0.29 0.00-0.14 0.00-0.09 0.00-0.01 0.00-0.00
16.0 0.51-2.03 0.05-0.56 0.00-0.45 0.00-0.03 0.00-0.02
16.5 2.65-12.1 0.42-2.42 0.04-1.64 0.00-0.11 0.00-0.04
17.0 11.7-42.6 2.03-10.8 0.26-6.26 0.05-0.50 0.01-0.19
17.5 51.5-132.2 10.8-44.9 1.90-22.5 0.42-1.91 0.15-0.63
18.0 214.3-412.3 51.1-182.0 10.5-80.3 2.36-8.41 0.77-2.91
Table 2. Observed cumulative surface density of QSOs with |b| > 25◦ at different redshifts and i-band magnitudes (with
i ≥ 15). In the Northern Hemisphere only the QSOs in the SDSS footprint have been considered, while in the South the
known QSOs before the present survey in the Skymapper footprint from both Paˆris et al. (2018) and Ve´ron-Cetty and Ve´ron
(2010) have been considered. All numbers are scaled to 104 sq.deg. to allow a direct comparison with Tab. 1.
i ≤ ΣQSO(2.5 < z < 3.0) ΣQSO(3.0 < z < 3.5) ΣQSO(3.5 < z < 4.0) ΣQSO(4.0 < z < 4.5) ΣQSO(4.5 < z < 5.0)
North - South North - South North - South North - South North - South
15.5 0.0 – 0.0 0.0 – 0.0 0.0 – 0.0 0.0 – 0.0 0.0 – 0.0
16.0 4.3 – 0.0 0.0 – 0.0 0.0 – 0.0 0.0 – 0.0 0.0 – 0.0
16.5 7.5 – 1.6 3.2 – 0.0 0.0 – 0.0 0.0 – 0.0 0.0 – 0.0
17.0 25.6 – 11.3 9.6 – 3.2 0.0 – 0.0 0.0 – 0.0 0.0 – 0.0
17.5 85.4 – 33.0 42.7 – 13.7 9.6 – 2.4 2.1 – 0.8 0.0 – 0.8
18.0 324.4 – 86.9 140.8 – 41.8 30.9 – 9.7 8.5 – 0.8 4.3 – 3.2
Working at bright absolute magnitudes, it is likely to
be affected by small number statistics. To avoid this
effect, we simulate a sky area of 105 sq. deg., i.e. ∼> 10
times larger than the area available from the present
survey, and repeat the simulation 10 times. This choice
reduces the shot noise in the simulated number counts.
According to Kulkarni et al. (2019), the best fit values
of the QSO luminosity function (QLF) in their Table 2
can be affected by systematic errors due to the adopted
survey selection functions. This is particularly true at
z=2-4, where discontinuities and scatter in the QLF pa-
rameters appear over short redshift intervals. To avoid
such discontinuities, we have computed the surface den-
sity adopting also the QLF resulting from a global con-
tinuous fit over the redshift range 0 < z < 7 by Kulka-
rni et al. (2019) with a complex parameterization of the
redshift evolution of the slopes, Φ∗, and M∗ parameters.
We used also their Models 1, 2, and 3 parameterizations
to derive our estimates of the bright QSO number counts
at z > 2.5.
In Table 1 we summarize the expected cumulative sur-
face densities of QSOs in different bins of i-band magni-
tude and redshift. We provide the minimum and max-
imum expected values for the integral number counts
based on the best fit values and on the models 1, 2, and
3 by Kulkarni et al. (2019). We do not consider here the
effect of strong lensing, which can increase the luminos-
ity of high-z QSOs if their lines of sight are well aligned
with the deep potential wells produced by galaxy over-
densities or by single massive galaxies. The adopted
luminosity functions, indeed, could be already affected
by strong lensing in the bright end, especially at high-z
(Fan et al. 2019; Pacucci & Loeb 2019).
In the following, we will use our predictions in Table
1 as a reference for the expected bright QSO number
counts. We expect that they should not be strongly af-
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Figure 1. Maps of the locations of the sources in the main sample (§3.1, gray regions, a darker color indicates a higher density
of sources). The locations of the QSOs in the SDSS DR14Q (Paˆris et al. 2018) are represented by blue shaded regions. The
new QSOs identified in this work are shown with filled circles, whose color indicates the redshift. Upper panel: equatorial
coordinates; lower panel: Galactic coordinates.
fected by incompleteness, at least at very bright absolute
magnitudes.
In Table 2 we compare the expected number of QSOs
at galactic latitudes |b| > 25◦ with the number of
presently known QSOs in the Northern and Southern
hemisphere, respectively. As already known, a signifi-
cant discrepancy is present between the surface densities
in the Northern and Southern hemispheres, in particular
at 2.5 ≤ z ≤ 4. This is mainly due to the strong efforts,
mainly by the Sloan Digital Sky Survey (Abolfathi et
al. 2018), devoted to the search for bright QSOs in the
north. It is thus clear that a survey of bright high-z
quasars is still missing in the Southern Hemisphere.
Comparing the observed surface densities of bright
QSOs at z ≥ 2.5 in the North by Table 2 with the
predicted ones in Table 1, it is clear that some of the
models by Kulkarni et al. (2019) are underestimating
the true number counts. In particular, their models 2
and 3 are predicting the lower boundaries in Table 1. At
completion, our survey will probably allow us to provide
an assessment of the bright side of the quasar luminosity
function at z ≥ 2.5.
3. A NEW SELECTION OF BRIGHT QSO
CANDIDATES
3.1. The main sample
In order to select new bright QSO candidates at
redshift & 2.5 in the Southern hemisphere (declina-
tion < 0◦) we have taken advantage of the following
databases:
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• The Skymapper survey (DR1.1, Wolf et al. 2018);
• The Gaia DR2 data release (DR2, Gaia collabora-
tion 2016, Gaia collaboration 2018);
• The WISE survey (Wright et al. 2010);
We considered all sources in the Skymapper survey with
the following constraints:
1. Galactic latitude |b| > 25◦;
2. Magnitude in the i band fainter than 14 and
brighter than 18;
3. Flags in the i and z bands equal to zero (i.e. avail-
ability of reliable i and z magnitudes);
4. Availability of the Gaia magnitude in the G band;
5. Distance to the closest WISE source < 0.5”;
6. Distance to the closest Gaia (DR2) source < 0.5”;
7. Signal–to–noise ratio of the matching WISE source
in each of the first three bands > 3 (i.e. availability
of reliable magnitudes in these bands).
We limit our analysis to the magnitude range i = 14–
18 in order to keep our samples as small as possible.
Besides, sources brighter than i = 14 would hardly be
high-z QSOs, and sources fainter than i > 18 are not
interesting for our purposes. The constraint 3), in par-
ticular the request of a reliable i magnitude, limits the
effectiveness of this selection to redshifts z . 5.3. For
the selection of higher redshift QSOs this constraint has
to be relaxed. We discarded the regions of the Large
and Small Magellanic Clouds to avoid crowding and ex-
tinction. The initial sample (hereafter main sample)
contains to 1,014,875 objects spanning approximately
12,400 square degrees. When available, we also collected
the data in the following bands:
• u, v, g, and r from Skymapper;
• BP and RP magnitudes from Gaia;
• J, H, and K from the 2MASS (Skrutskie et al.
2006, requiring a matching distance < 1.5”).
The angular distance matching radii for the above men-
tioned catalogs (and other reference catalogs, see be-
low) have been determined by empirically checking the
distributions of the angular separation histograms (see
Fig. 3.1) with the aim of achieving the great majority of
the true matches while minimizing the number of spuri-
ous associations.
Figure 2. Histograms of the angular distances between the
Skymapper sources in the main sample and the matched
sources in the considered catalogs. Each histogram has been
normalized by its maximum in order to show all of them in
the same plot.
3.2. Source classification in the main sample
In order to identify stars in the main sample we used
the following criteria:
• parallax (as measured by Gaia) significantly dif-
ferent from zero (> 3σ);
• Gaia proper motion along RA or DEC significantly
different from zero (> 3σ).
844,026 objects out of 1,014,875 (83.2%) meet at least
one of the two above criteria and in the following they
will be considered as bona fide stars.
In order to identify known QSOs and extragalactic
objects in the main sample we matched it against the
following catalogs:
• The SDSS DR14Q quasar catalog (526,356 sources,
Paˆris et al. 2018) finding 1,365 matching entries
within 0.5”;
• The 13th edition of the Veron–Cetty catalog
(167,566 sources, Ve´ron-Cetty and Ve´ron 2010),
finding 4,447 matching entries within 2.5” (only
sources with a reliable spectroscopic redshift esti-
mate have been considered);
• The 2dFGRS catalog (Colles et al. 2001), finding
4,032 entries within 2” (only sources with absorp-
tion spectra have been considered).
In this way we identified 4,666 spectroscopically con-
firmed QSO/AGN in the redshift range 0.005 < z <
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5.06, and 3,665 sources with absorption spectra and
no significant proper motion or parallax measurement,
i.e., non-active galaxies (mainly at z . 0.5). In total,
852,357 sources (84.0%) in the main sample have a re-
liable object-type identification. The remaining 162,518
sources build up the unknown sample.
3.3. The QSO candidate sample
In order to select new QSO candidates we need a
method to identify the QSO characterizing properties
among the 162,518 sources in the unknown sample.
However, we have no access to their spectra, hence we
must search for those properties in the available mag-
nitudes. Historically, this task has been accomplished
by means of color selections (e.g. Richards et al. 2002,
Assef et al. 2013, Tie et al. 2017), i.e. by cuts based on
empirically identified linear combination of magnitudes
(the so called colors.
Here we follow a similar approach, but we identify the
cuts in an automatic fashion using a machine learning
procedure based on the Canonical Correlation Analysis1
(CCA, Anderson 1984), rather then using color-color
plots to isolate the interesting sources. Our aim is to
train the CCA using the object type classification (§3.2)
as one of the canonical variables. To this purpose we
consider all the sources in the main sample with a clear
object-type identification and attached a numerical label
as follows:
• Label = -1: for the non-active galaxies;
• Label = 0: for the stars;
• Label = 2: for the spectroscopically confirmed
QSOs with z < 2.5;
• Label = 3: for the spectroscopically confirmed
QSOs with z > 2.5.
This subset represents our training sample, and we use
the numerical label as the first canonical variable2. The
actual value of the numerical labels are rather arbitrary
(up to constant scale factors and offsets). We just found
a better separation when using a label for the stars sit-
ting in the middle between inactive galaxies and QSO
sources. Then we arranged the magnitudes discussed in
§3.2 in a matrix with as many rows as the number of
sources, and as many columns as the available magni-
tude estimates, and apply the CCA procedure between
1 https://en.wikipedia.org/wiki/Canonical correlation
2 Canonical variables are obtained from input variables by
means of a linear transformation. Since the numerical label is
1-dimensional it is by definition proportional to a canonical vari-
able.
this matrix and the numerical label discussed above.
The output of the CCA procedure is a linear transfor-
mation matrix which can be multiplied by the magni-
tude matrix to obtain a new, 1-dimensional coordinate
(hereafter named CCA), representing the canonical vari-
able associated to magnitude estimates. The CCA pro-
cedure ensures that the CCA coordinate has the highest
possible correlation with the numerical label, compati-
ble with the data available in the training set. The CCA
coordinate for the sources in the main sample is shown
in Fig. 3 (upper panel) as a function of the i magnitude.
Stars align across a rather narrow horizontal stripe at
CCA ∼ 0, while the non–active galaxies occupy the lower
part of the plot. Confirmed low-z (z < 2.5) QSOs are
spread throughout the whole CCA–i plane, but QSOs
with z > 2.5 cluster in the upper right corner, hence
we expect new (i.e. not yet identified) QSOs at z > 2.5
to be located in the same region.
Then, we used the same transformation matrix used
above to estimate the CCA coordinate for the sources in
the unknown sample, obtaining a CCA value represen-
tative of the source object types (as was the case for
sources in the training set). We started our analysis by
considering the sources with a reliable magnitude in all
the above mentioned bands (u, v, g, r, i and z from
Skymapper, G, BP and RP from Gaia, W1, W2 and
W3 from WISE, J, H and K from 2MASS), then we pro-
ceeded analyzing the sources with incomplete photomet-
ric sets (i.e. with some magnitude missing among the
15 listed above). Among the various configurations of
bands we treated first the cases with the highest number
of sources (allowing us to determine a more robust cor-
relation), then the others with progressively less sources.
In each iteration we performed a linear fit against the
original numerical label in order to renormalize the CCA
coordinates and span always the same dynamical range
for each configuration of photometric bands. In this way
we have been able to compute the CCA coordinates con-
sistently for all the sources in the main sample.
Fig. 3 (middle panel, gray symbols) shows the location
of the 162,518 sources (16%) of the unknown sample re-
maining after the removal of the objects with a known
object-type identification (stars, galaxies, QSOs). The
z > 2.5 QSOs we are looking for are expected to lie in
the region at CCA & 1, but they are still confused in an
overwhelming cloud of extended, inactive galaxies and
low-z AGN (shown in the upper panel of Fig. 3 with
black ”x” and purple “+” symbols, respectively). It is
therefore necessary to further distill our z > 2.5 can-
didates by selecting against extended objects and low-z
sources.
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Figure 3. The CCA–i mag. plane for the subsamples considered in this work. Upper panel: sources in the main sample for
which a reliable type identification is available (§3.3). Stars are identified by gray “+” symbols, inactive galaxies by black cross
symbols, low-z (< 2.5) QSOs with purple “+” symbols, high-z (> 2.5) QSOs with filled circles. The redshift for the confirmed
QSOs with zspec > 2.5 are shown with the color code shown in the colorbox in the upper left corner. The inset on the left shows
the histogram of the CCA coordinate for the stars (gray), galaxies (black), low-z QSOs (purple) and high-z QSOs (blue). Middle
panel: sources in the main sample without an object type identification (gray symbols, §3.3). The same sources after excluding
extended (§3.3.1) and low-z objects (§3.3.2) are highlighted in black, and represents potential high-z QSO candidates. Lower
panel: the final sample of high-z QSO candidates, with the redshift zcca estimated using the procedure described in §3.3.2.
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3.3.1. Excluding extended objects
Since we are looking for bright high-z QSOs we expect
them to have a point-like appearance. In order to test
whether an object in the unknown sample is spatially
extended we have taken advantage of the comparison
between the PSF and Petrosian magnitudes reported in
the Skymapper catalog. The latter are supposed to be
similar to the former only for point-like sources, while
capturing more flux with respect to the PSF magnitudes
for extended sources. In order to quantify such a differ-
ence we divided the whole main sample into bins of 0.1
mag and adopted the median of the differences between
the PSF and the Petrosian magnitude as a reference
value within each bin. Then, for each source, we inter-
polated the reference values corresponding to its PSF
mags and computed the quantity:
σx,extd =
1
2
∑
x=i,z
xpsf − xpetro − 〈xpsf − xpetro〉ref√
σ2xpsf + σ
2
xpetro
(1)
where the x represents either considered band, and σx
is the associated uncertainty3. We repeated the proce-
dure in both the i and in the z bands and considered
the average σextd = (σi,extd + σz,extd)/2 as an estimate
of the significance of the object being extended. The
histogram of the values of σextd for the objects in the
main sample with an available object-type identification
is shown in Fig. 4. Almost all confirmed QSOs with
z > 2.5 have σextd < 3, hence we considered this value
as a threshold to distinguish point–like sources from ex-
tended sources. In this way we discarded 135,238 bona
fide extended sources from the 162,518 objects of the
unknown sample (81%).
3 Note that in this equation z refers to the magnitude in the z
band, not to the redshift.
Figure 4. Histogram of the σextd quantity (Eq. 1) for all the
sources in the main sample. The threshold at σextd = 3.0 is
shown with a vertical dashed line. Sources above this thresh-
old are assumed to be spatially extended and discarded.
3.3.2. Excluding probable low-z (z < 2.5) sources
To estimate the redshift of the sources in the main
sample we used again a CCA transformation, this time
using the spectroscopic redshifts of the subsample of
confirmed (§1) QSOs as a training set, and following
the same procedure we used to calculate the CCA coor-
dinate. The comparison between zcca and zspec for the
confirmed QSOs with σextd < 3 is shown in Fig. 5 (upper
panel). The scatter in the zcca estimates is ∼ 0.36. Then
we estimated the CCA redshift (hereafter zcca) using the
resulting transformation matrix for the whole unknown
sample. To distinguish a low-z (z < 2.5) from an high-z
(z > 2.5) source we calculated the following quantities:
• Low-z “contamination”: ratio of the number of
low-z sources over the number of sources with zcca
above a given threshold;
• High-z “completeness”: ratio of high-z sources
with zcca above a given threshold, over the total
number of high-z confirmed QSOs.
A plot of these quantities, for all the possible value of the
zcca threshold, is shown in Fig. 5 (lower panel, black solid
line): a high-z “completeness” of 95% can be reached
with a threshold at zcca = 2.27, corresponding to a low-
z “contamination” of 44% (dot-dashed blue line). In-
creasing the high-z “completeness” to 99% (blue dot-
dot-dashed) would yield a much higher contamination,
while decreasing to 90% (green dashed line) would yield
only a small improvement in contamination. Hence, we
chose zcca = 2.27 as discriminating threshold to select
against low-z QSO candidates.
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Figure 5. Upper panel: the zcca–zspec correlation (scatter:
∼ 0.36). Lower panel: low-z (< 2.5) “contamination” as
a function of the adopted zcca threshold and of the high-z
(> 2.5) “completeness” (dashed, dot–dashed and dot–dot–
dashed lines). We chose a zcca threshold of 2.27 correspond-
ing to a high-z completeness of 95% and an expected low-z
contamination in our final sample of ∼ 44%.
3.3.3. The final QSO candidate sample
By discarding the extended and low-z sources from
the 162,518 objects of the unknown sample, we are left
with 11,598 potential QSO candidates (black cross sym-
bols in the middle panel of Fig. 3). Besides excluding
a significant fraction of sources in the unknown sample
(93%), the above procedure allowed to obtain a better
separation of the remaining sources in the CCA–i mag
plane, resulting in an increased contrast between the
peaks above and below CCA ∼ 1 in the histogram on
the left of middle panel in Fig. 3, and suggesting that a
threshold on the CCA value might allow to exclude the
non–QSO sources. As discussed above, the group at
CCA > 1 is likely associated with high-z QSOs, while the
group at CCA < 1 is associated with stars and inactive
galaxies. Therefore we discarded all the source with CCA
< 1 to obtain a final sample of 1476 high-z QSO can-
didates. The lower panel of Fig. 3 shows the location
of such candidates in the CCA–i mag. plane, and their
expected redshift (color-coded, as calculated in §3.3.2).
As a consistency check, we note that all the known
QSOs with z > 2.5 (blue line in the histogram, both in
upper and lower panel of Fig. 3) lie above the adopted
CCA threshold, as expected.
The number of DR14Q and Veron sources with z > 2.5
in our main sample is 68. Considering that the Skymap-
per footprint is 8.3 times larger than the previously sur-
veyed area, we extrapolate a number ∼ 564 new QSOs
with z > 2.5 in our QSO candidate sample. Given the
size of the QSO candidate sample (1476 sources) we ex-
pect a lower limit for the success rate for high-z (> 2.5)
QSO identification of ∼ 40%. Actually, the fraction
of new high-z (> 2.5) QSO spectroscopically confirmed
among the candidates we could observe (§4) is ∼ 80%.
At this stage we can also compute the fraction of
DR14Q and Veron QSOs with z > 2.5 and i < 18 satis-
fying all the conditions to be selected by our procedure,
93%, and use it as an indication of the completeness
of our QSO sample. The 7% of the known QSOs lost
were sources with a predicted CCA redshift below our
threshold of zcca = 2.27 (§3.3.2).
4. SPECTROSCOPIC CONFIRMATIONS
In order to validate the above-described selection cri-
teria (and test variants), we have carried out extensive
spectroscopy observations at Las Campanas Observa-
tory and at the ESO-NTT telescope at La Silla. The
first pilot study has been carried out at the Magellan
telescopes in 2018 using LDSS-3 (Clay Telescope) and
IMACS (Baade Telescope). Observations were obtained
in various nights during bright time and variable weather
conditions. With LDSS-3 the VPH-all grism has been
used with the 1”-central slit and no blocking filter, cov-
ering a wavelength range between 4000 - 10000 A˚ with
a low resolution of R ∼800. With IMACS, we used the
#300 grism with a blaze angle of 17.5deg, covering a
wavelength range between 4000 - 10000 A˚ with a dis-
persion of 1.34 A˚/pixel. Based on these first results, the
selection technique has been adjusted in order to include
candidates at higher redshift. In February 2019 we were
awarded 2 nights at the du Pont telescope to validate the
optimized criteria, and we observed several new candi-
dates with the Wide Field CCD (WFCCD) blue grism
that covers a wavelength range between 3700 - 8000 A˚
providing a 2 A˚/pixel dispersion.
The NTT spectroscopic campaign has been carried
out during the ESO observing period P103 under the
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proposal 0103.A-0746 (PI. A. Grazian). Three nights
of spectroscopy have been executed during 27-30 April
2019. The EFOSC2 instrument was used, equipped with
the grism # 13 (wavelength range λ ∼ 3700− 9300 A˚).
Since our main targets are relatively sparse in the sky, we
carried out long-slit spectroscopy with exposure times
between 3 and 7 minutes per object.
Finally, in June 2019 we performed a few exposures
at TNG (La Palma) using the Low Resolution Spectro-
graph (Dolores) with the LR-B grism (resolution ∼ 600),
a 1” slit aperture and an exposure time of 10 minutes per
object, in order to validate our selection criteria against
low-z AGNs (§3.3.2).
In total we observed 70 sources from our final QSO
candidate sample (§3.3.3) of 1476 sources. Among these
sources, 56 turned out to be genuine high-z QSOs with
z > 2.5, 12 are low-z QSOs with z < 2.5 and 1 is a star.
The details of the candidate observations are summa-
rized in Tab. 3, while Fig. 6 shows the redshift-i mag-
nitude plane of the newly discovered QSOs (red circles)
and the known QSOs before this work (black cross sym-
bols). So far, we achieved a success rate in identifying
new high-z QSOs sources of ∼ 80%. On the other hand,
we observed only a small fraction of the total QSO candi-
date sample (70/1476 sources, ∼ 5%), hence the success
rate may be biased by the choice of the most promising
candidates for the observations.
In the early phases of the project we experimented
different versions of the selection algorithm and tested
its limits and characteristics with the pilot spectroscopic
runs and in part of the NTT run. As a consequence, we
also observed sources that do not belong to the final
sample. For completeness, we report the observation
details for these 67 additional sources in Tab. 4. Among
them we found: 2 QSOs at z > 2.5, 50 low-z QSOs,
and 15 non-QSO sources. The two QSOs at z > 2.5
were not selected in the main sample because one has
an i magnitude fainter than the threshold of i = 18 and
the other has a Skymapper astrometric position differing
of more than 0.5” from Gaia DRS2, probably due to
image defects in the Skymapper data, as we checked
with Skymapper cutouts.
Further observing runs at the DuPont and NTT tele-
scopes have been approved in order to expand our spec-
troscopically observed sample. All the details and re-
sults of the spectroscopic runs will be described in a
future paper.
5. CONCLUSIONS
The aim of the present project was to identify new,
bright (i < 18) QSOs at relatively high redshift (z >
2.5) in the Southern Hemisphere with a high success
Figure 6. The redshift-i magnitude plane of the QSOs in
the area of the present survey. Black crosses: QSOs known
before the present observations; Red filled circles: new spec-
troscopic redshifts obtained in the present survey.
rate. At this stage completeness represented a secondary
requirement.
Finding in an efficient way relatively high-redshift
QSOs is a kind of a needle in a haystack task. Our
approach has been to take advantage of large high-
quality photometric and astrometric databases provided
by Skymapper, WISE, 2MASS and Gaia, in order to re-
move sources identified with high-reliability as contam-
inants (stars, low-z QSOs and galaxies). Then, with
the help of a Canonical Correlation Analysis (Anderson
1984) we have selected among the remaining unkown ob-
jects a sample of 1476 z > 2.5 QSO candidates, whose
completeness is also expected to be high ( ∼> 90% for ob-
jects up to z ∼ 5), estimated on the basis of the number
of known QSOs that the method would select.
Indeed, the first campaigns of spectroscopic confir-
mations have been characterized by a high success rate
(∼ 81%), and already at this preliminary stage the num-
ber of bright QSOs in the southern emisphere has been
significantly increased, as shown in Fig. 6. The new 56
(Tab. 3) plus 2 (Tab. 4) QSOs with z > 2.5 and i < 18
are now available to the astronomical community for
high-resolution spectroscopic follow-up and the studies
of cosmology and fundamental physics described in the
introduction.
We are continuing our campaigns of spectroscopic con-
firmations and at the same time we are exploring other
statistical techniques in addition to the CCA analysis
to further improve the properties of the selection and
extend its range of applicability.
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Table 3. List of Skymapper sources in the Candidate sample observed in our campaigns.
Skymapper ID R.A. (J2000) Decl. (J2000) Date Obs. mi Obj. type zspec Instrument Notes
7683342 00:35:58.10 -20:05:56.25 2018-11-22 16.842 QSO 1.53 LDSS-3
... ... ... ... ... ... ... ...
Table 4. List of Skymapper sources observed in our campaigns which are not in the final Candidate sample.
Skymapper ID R.A. (J2000) Decl. (J2000) Date Obs. mi Obj. type zspec Instrument Notes
9163238 02:00:16.25 -06:52:09.06 2018-11-23 16.688 QSO 1.75 LDSS-3
... ... ... ... ... ... ... ...
